I. INTRODUCTION
Protonated water species are key elements in dissociation and transport phenomena in aqueous chemistry and biological systems. Although aqueous acids are among the most fundamental systems in nature, a molecular-level understanding of the hydrated proton remains unclear. The investigation of protonated water clusters H + ͑H 2 O͒ n is essential to understand the nature of protons in nanosized water droplets. [1] [2] [3] [4] [5] [6] In attempts to elucidate the nature of the hydrated proton, a number of theoretical approaches have been employed, ranging from empirical potential [7] [8] [9] to ab initio studies. [10] [11] [12] [13] A particular attention has been paid on the investigation of the structural changes of clusters with the increasing cluster size. 1, 6, 8, 12 In the case of water clusters, it is known that the dimer is linearly hydrogen bonded, the trimer through the pentamer is cyclic, and the octamer is cubic. 14 In the case of hexamer, 15 several two dimensional ͑2D͒ or three dimensional ͑3D͒ lowest-lying energy conformers having 2D or 3D O-O networks, respectively, are nearly isoenergetic ͓cyclic-ring structure ͑2D͒, open-book structure ͑2D͒, open hand-bag structure ͑3D͒, cage structure ͑3D͒, and prism structure ͑3D͔͒. However, in the case of the protonated water clusters H + ͑H 2 O͒ n , two primary charge carriers of Eigen 16 ͑H 3 O + ͒ and Zundel 17 ͑H 5 O 2 + ͒ ions play an important role. Therefore, these structures are quite different from those of water clusters. The Eigen and Zundel ions with the full hydration in the first hydration shell ͑by which all exterior protons are hydro-gen bonded with water molecules͒ are H + ͑H 2 O͒ 4 and H + ͑H 2 O͒ 6 , and the removal of a water molecule from such structures creates the lowest energy structures of H + ͑H 2 O͒ 3 and H + ͑H 2 O͒ 5 , respectively. The lowest energy structures for n =2-3 are linear, and those for n =4-6 are noncyclic 2D structures. 6, 12 However, the protonated water heptamer structure is intriguing. Since several 2D cyclic, 1, 6, 12 2D noncyclic, 3, 11 or 3D 8, 9 structures are proposed as the lowest energy structure of H + ͑H 2 O͒ 7 , the answer is not clear. The structures of H + ͑H 2 O͒ 7 have been investigated based on various theoretical methods. Hodges and Wales reported a 3D structure as the global minimum structure of H + ͑H 2 O͒ 7 based on the empirical Kozack-Jordan ͑KJ͒ model potential of H 3 O + . 8 Jiang et al. proposed the structure of H + ͑H 2 O͒ 7 as a 2D structure based on the density functional theory ͑DFT͒ calculation along with experiments. 6 Recently, the spectra of H + ͑H 2 O͒ 7 have been assigned. 1, 3, 4 Headrick et al. proposed a 2D structure based on their experiment of argon predissociation spectra. 1 In this regard, an accurate theoretical investigation of the protonated water heptamer is required. We note that the DFT, MP2, and CCSD͑T͒ with the aug-cc-pVDZ basis set ͑to be shortened as aVDZ͒ favor the 3D structure over the 2D structure at the Born-Oppenheimer surface. However, when the zero-point energy ͑ZPE͒ correction is considered, the 2D structure is favorable at the DFT level, while at the MP2 and CCSD͑T͒ levels both 2D and 3D structures are nearly isoenergetic. To find the accurate conclusion, we have carried out high level theoretical calculations. For precise prediction of the structure of H + ͑H 2 O͒ 7 , we have focused our attention on the following: ͑1͒ Accurate prediction of inter-action energies of H + ͑H 2 O͒ 7 at coupled cluster calculations with singles, doubles, and perturbative triples excitations ͓CCSD͑T͔͒; ͑2͒ the complete basis set ͑CBS͒ limit based on the scheme to take into account both basis set superposition error ͑BSSE͒ corrected and BSSE uncorrected energies; ͑3͒ the ZPE correction; ͑4͒ the anharmonic correction; ͑5͒ comparison of the theoretically predicted vibrational frequencies with the experimental data; and ͑6͒ the spectra in consideration of the thermal energy effect using Car-Parrinello molecular dynamics ͑CPMD͒ simulation. 18
II. COMPUTATIONAL METHODS
To find the global minimum energy structure, we employed the basin-hopping global optimization with the density functional based tight-binding ͑DFTB͒ method. 19 Basin hopping, also known as Monte Carlo plus minimization, is a global optimization technique that belongs to the class of hypersurface deformation methods. 20 In addition, we considered the low-lying energy geometries based on the empirical KJ ͑H 3 O + ͒ model potential by Hodges and Wales. 8 For the low-lying energy structures explored by basinhopping global optimization, we carried out geometry optimizations and total energy calculations using Becks's three parameters with Lee-Yang-Parr͑B3LYP͒ functionals, 21 resolution of the identity approximation Møller-Plesset second order perturbation theory ͑RI-MP2͒, 22 MP2, and CCSD͑T͒. All atoms were treated using the aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ basis sets ͑which will be abbreviated as aVDZ, aVTZ, and aVQZ, respectively͒. The harmonic vibrational frequencies, zero-point energies, and thermodynamic quantities were evaluated on the MP2/aVDZ optimized geometries. We also carried out CCSD͑T͒/aVDZ single point energy calculations using MP2/aVDZ optimized geometries. The B3LYP and MP2 calculations were performed with the GAUSSIAN 03 suite of programs, 23 and the RI-MP2 and CCSD͑T͒ calculations were performed with the TURBOMOLE suite 24 and the MOLPRO suite, 25 respectively.
In general, interaction energies without BSSE correction are usually overestimated, whereas BSSE corrected interaction energies tend to be underestimated. 26 In this work, to investigate the relative stability of clusters we calculated the CBS limit at the RI-MP2 level with aVDZ, aVTZ, and aVQZ basis sets. The fragment relaxation energy is taken into account in the calculation of the BSSE corrections. 28 There have been several extrapolation methods to obtain the CBS limit. 29 However, these methods did not utilize the BSSE. The BSSE tends to decrease as the basis set size increases, which is mathematically true, even though it is not physically meaningful. Thus, we have devised the least biased form by expanding both the BSSE corrected energies E N b and the BSSE uncorrected energies E N n as
where N =2͑aVDZ͒, 3͑aVTZ͒, 4͑aVQZ͒, …. Then, using the above equations, we calculated E CBS , the CBS limit of interaction energy, without using any parameters which need to be obtained from a trained data set. Here, we exploited the mathematical theorem that any two points can be best represented by a linear line ͑c = cЈ =0͒, any three points can be best represented by a parabolic equation, and so on. Assuming that the difference in energy between CCSD͑T͒/aVDZ and RI-MP2/aVDZ is almost the same as discussed by the groups of Császár et al. and Sinnokrot and co-workers, 27 we estimated the CBS limit at the CCSD͑T͒ level.
Taking into account the anharmonicity of the 2D Zundeltype structure of H + ͑H 2 O͒ 7 , we show the potential energy profile for the proton oscillating vibrational mode. To find this potential energy surface, we carried out single point CCSD͑T͒ energy calculations at several geometries, which were obtained by moving the proton in the Zundel ion along the normal mode direction at the MP2/aVDZ optimized geometry. The potential energy curve was fitted in Taylor series, and the one dimensional Schrödinger equation was numerically solved. In addition, to consider the thermal and dynamic effects, we employed CPMD simulations at 100 K using BLYP functionals with gradient correction. The fictitious electron mass is 600 a.u., and this value is small enough to guarantee converged results. 30 The energy cutoff value was 90 Ry, and the time step was 0.1 fs. Although the energy barrier of the CPMD potential tends to be lower than the more accurate ab initio results, the underestimation of the potential barriers in the DFT calculation seems to partly and effectively reflect the quantum-tunneling-driven barrier lowering on the accurate ab initio potential surface, resulting in more realistic results without quantum correction. 13͑d͒ The molecular structures were drawn with the POSMOL program. 31
III. RESULTS AND DISCUSSION

A. Lowest-lying energy structures of H +
"H 2 O… 7 Figure 1 shows the first three lowest energy structures explored by the basin-hopping global optimization with the DFTB method and the empirical KJ ͑H 3 O + ͒ model potential. 32 The DFTB method favors 2D structures, while the empirical KJ ͑H 3 O + ͒ model potential favors 3D structures. The lowest energy structures obtained by the DFTB method and the empirical KJ ͑H 3 O + ͒ model potential have the Zundel ion ͓2D symmetric structure ͑2D s ͔͒ and the Eigen ion ͓3D structure with no symmetry ͑3D 1 ͔͒, respectively. The 2D s was compared with its asymmetric structure ͑2D a ͒ which was obtained at the ab initio calculations by relaxing the 2D s structure without the symmetry constraint. These two 2D structures were compared with 3D 1 structure ͑Fig. 2͒. We calculated the harmonic vibrational frequencies using B3LYP/aVDZ and MP2/aVDZ, and the single point energies using CCSD͑T͒/aVDZ on the MP2-optimized geometries. Table I contains the B3LYP/aVDZ, MP2/aVDZ, and CCSD͑T͒/aVDZ interaction energies for the three structures ͑2D s , 2D a , and 3D 1 ͒. For the 2D structures, the 2D a structure, containing the asymmetric O-H-O axis in the Zundel ion, is slightly more stable in ZPE-uncorrected interaction energy ⌬E e ͑by 0.1 kcal/ mol at CCSD͑T͒/aVDZ level͒ than the 2D s structure. On the basis of the MP2/aVDZ frequency analysis, the 2D s structure is a transition state with one imaginary frequency. The 2D a structure is less stable than the 3D 1 structure in both ⌬E e and ⌬E 0 . Particularly, without ZPE correction, the 3D 1 structure is much more stable than the 2D a structure by 4.1 kcal/ mol, while including ZPE correction, the gap is getting smaller by 0.1 kcal/ mol at the CCSD͑T͒/aVDZ level. Because the energy difference is very small, the 2D a and 3D 1 structures are practically isoenergetic in ⌬E 0 . By anharmonic correction for 2D a , which will be discussed in detail in Sec. III D, we obtain a more accurate ZPE-corrected interaction energy ⌬E 0 * . As compared with the 3D 1 structure, the ⌬E 0 * of 2D a is slightly lower by 0.5 kcal/ mol at the CCSD͑T͒/aVDZ level as shown in Table  I . Thus, the anharmonicity-corrected ZPE changes the lowest energy structure of H + ͑H 2 O͒ 7 from the 3D Eigen-type to 2D Zundel-type form. In particular, for the deuterated isomer D + ͑D 2 O͒ 7 , the 2D a structure is 1.26 kcal/ mol higher in ⌬E 0 and 0.84 kcal/ mol higher in ⌬E 0 * than the 3D 1 structure at CCSD͑T͒/aVDZ level. To provide a more concrete conclusion, more accurate energy calculations are needed.
B. Complete basis set correction
To obtain more accurate energies, we investigated the CBS limit at the RI-MP2 level. The BSSE corrected and uncorrected interaction energies and the estimated CBS limit of the 2D a and 3D 1 structures are shown in Fig. 3 . To test the validity of our CBS estimation, we calculated BSSE uncorrected interaction energies of the two structures at the RI-MP2/aug-cc-pV5Z level. The BSSE corrections at this level were scaled from the BSSE component for one fragment having the largest BSSE at the aVQZ level, because the scaling rule was reasonable from the results of aVTZ and aVQZ BSSEs. Both BSSE uncorrected and corrected interaction energies show good agreements with the fitted curve based on aVDZ, aVTZ, and aVQZ as shown in Fig. 3 . Using the CBS limit obtained at the RI-MP2 level, we estimated the CBS limit at the CCSD͑T͒ level as shown in Table II . According to the CCSD͑T͒/aVDZ calculation, the 2D a structure is slightly more stable than the 3D 1 structure by 0.5 kcal/ mol, and the CBS correction increases the energy difference by 1.75 kcal/ mol. In this regard, we can conclude that the 2D Zundel-type structure ͑2D a ͒ is the global minimum energy structure of H + ͑H 2 O͒ 7 . In particular, for the deuterated isomer D + ͑D 2 O͒ 7 , the 2D a structure is 0.06 kcal/ mol higher in ⌬E 0 but 0.36 kcal/ mol lower in ⌬E 0 * than the 3D 1 structure at the CCSD͑T͒/CBS level. Thus, the anharmonicitycorrected ZPE changes the lowest energy structure of D + ͑D 2 O͒ 7 from the 3D Eigen-type to 2D Zundel-type form. 
C. Vibrational frequencies
Most of the experimental data on vibrational frequencies have been based on the observations of the OH stretching modes. According to the experimental infrared spectra of H + ͑H 2 O͒ n clusters in the OH stretching region ͑2800-3900 cm −1 ͒, the observed bands are mostly attributed to water molecules and are not related to the motion of the proton which interconverts between the Eigen and Zundel ions. 1, 3, 4, 6 Dangling water molecules attached to the exterior of a hydrogen-bonded network, for example, produce sharp bands arising from the symmetric and asymmetric stretches of the nonbonded OH groups. The vibrations associated with the excess proton in these structures occur at much lower frequencies than general OH stretches, and thus we also considered the spectral range below the OH stretching region. 2 The vibrational spectra of 2D a and 3D 1 structures obtained from MP2/aVDZ calculations are compared with the experimental vibrational frequencies in Fig. 4 . Detailed assignments and normal modes are shown in Table III and Fig.  5 . In the OH stretching region ͑2800-3900 cm −1 ͒, the predicted spectrum of 2D a is in good agreement with the experimental spectra, while the predicted spectrum of 3D 1 is not. In the case of 2D a , four peaks appear in the region ranging from 3000 to 3400 cm −1 , namely, at 3046, 3153, 3293, and 3361 cm −1 , and in the same region four peaks also appear in the experimental spectra. According to the calculation, such peaks attribute to the OH stretching of exterior protons of the Zundel ion, and those are redshifted by the excess proton. The bonded OH stretching of AD-type H 2 O occurs at 3495 and 3548 cm −1 , consistent with the experimental peaks near 3490 and 3530 cm −1 , where A and D denote proton acceptor and proton donor, respectively. In addition, dangling hydrogen atoms attached to the exterior of the cluster network are identified by sharp peaks assigned to the symmetric and asymmetric OH stretches near 3650 and 3740 cm −1 , respectively, in good agreement with the experiments. 1, 3, 4, 6 To sum up, in the OH stretching region ͑2800-3900 cm −1 ͒, the char- These normal modes are drawn in Fig. 5 .
The anharmonicity-corrected frequency based on the CCSD͑T͒ potential surface.
acteristic bands of nonbonded OH stretching appear near 3650 and 3740 cm −1 in the calculated spectra of both 2D a and 3D 1 , but the redshifted OH stretches ͑3000-3400 cm −1 ͒ appear only in the spectrum of 2D a . The peaks at 1055 and 2665 cm −1 indicate the Zundel and Eigen ions, respectively. To elucidate the Eigen and Zundel motifs of the structures, we investigated the region below 2800 cm −1 . Characteristic bands of the H 2 O bending appear near 1600 cm −1 in the calculated spectra of both 2D a and 3D 1 , in contrast to other peaks in this region which do not appear for both conformers. Though the degenerate asymmetric OH stretching vibration in the 3D 1 Eigen structure is found at 2697 cm −1 for the MP2/aVDZ calculation, there are no peaks near 2700 cm −1 in the experimental spectra. In the calculated spectrum of 2D a , the characteristic peak of the Zundel ion, which describes proton oscillation, appears at 1280 cm −1 . We also obtained two small peaks near 1367 and 1707 cm −1 . These intensities are very small ͑almost negli-gible͒ in experiment. These peaks indicate the H 2 O bending in the Zundel ion, as shown in Fig. 5 .
D. Anharmonic correction
The MP2/aVDZ calculated harmonic frequency of the proton oscillation mode is quite off the experimental data. 1, 2 This indicates a significant anharmonic effect. For the proton oscillation in the Zundel ion, we investigated the potential energy surface based on single point CCSD͑T͒/aVDZ energy calculations with respect to the normal coordinate corresponding to the proton motion ͑i.e., mainly the coordinate of the central proton between two neighboring water molecules in 2D s ͒. As discussed in our previous work on the anharmonic frequency involving the H bond in the HF¯H 2 O cluster, 33 the three lowest vibrational eigenvalues and wave functions for H + ͑H 2 O͒ 7 are shown in Fig. 6 . The calculated eigenvalues corresponding to the three lowest vibrational modes are E 0 = 437 cm −1 , E 1 = 1487 cm −1 , and E 2 = 3868 cm −1 . Thus, the anharmonicity-corrected fundamental vibrational frequency ͑⌬ =1͒ is 1050 cm −1 , in contrast to the calculated harmonic vibrational frequency of 1280 cm −1 at the MP2/aVDZ level. This anharmonicity-corrected fundamental frequency is in good agreement with the experimental frequency 1 of 1055 cm −1 .
Here, it should be noted from the probability of the proton position ͑the square of the wave function amplitude͒ in Fig. 6 that the distinction between 2D s and 2D a is not appropriate even at 0 K, but the two configurations show quantum probabilistic distributions, as seen in very flat potential surfaces such as the e − ͑H 2 O͒ n and C 6 H 6 ͑H 2 O͒ clusters. 34 Thus, the two 2D s and 2D a structures should be described in terms of the same 2D structure ͓the average structure is 2D s like ͑͗r͘ =0͒, but the root-mean-square average structure is 2D a like ͑ͱ͗r 2 ͘ = 0.1 Å͔͒. We also considered the free energy change depending on temperature. Based on the CCSD͑T͒/CBS ZPE-corrected binding energy, we added the MP2/aVDZ thermal energy correction. The anharmonic correction of the thermal energy for the normal mode involving the central proton motion for the 2D structure ͑which we can obtain from the vibrational excitation energies͒ is also given with the evaluation of accurate partition function using the anharmonicity-corrected vibrational energies ͑instead of the thermal perturbation energies 35 ͒. However, this correction turned out to be very small ͑0.003 kcal/ mol at 298 K͒. The relative stability in free energy ͑−⌬G͒ of the 2D structure over the 3D structure is calculated to be 1.75 kcal/ mol at 0 K, 2.06 kcal/ mol at 50 K, 2.79 kcal/ mol at 100 K, 4.20 kcal/ mol at 170 K, and 7.25 kcal/ mol at 298 K.
Although we considered the temperature effect of the structure and energies, the dynamic effect of the frequencies needs to be studied with molecular dynamic simulations. Although the frequencies investigated above are in very good agreement with experiments, we also investigate the temperature effect taking into account the complex anharmonic potential surfaces with CPMD simulations in the next section. Since ab initio molecular dynamics ͑AIMD͒ simulations based on MP2/aVDZ level is not feasible at the present status of computing capacity, we use DFT CPMD simulations using the BLYP functional. Before carrying them out, we compared the BLYP harmonic frequencies with the MP2/ aVDZ frequencies. These frequencies are reported in Table  III . In addition, the frequencies based on Hamprecht-Cohen- Tozer-Handy ͑HCTH͒ functional 36 ͑which could be more re-alistic͒ are also reported for comparison. There seem to be no significant differences between the two functionals unless bulklike structures are tested, and both frequencies are close to the MP2/aVDZ frequencies.
E. Molecular dynamics simulation
Using accurate calculation methods, we showed that the 2D Zundel-type structure 2D a is the global minimum energy structure of H + ͑H 2 O͒ 7 with its spectra in good agreement with experiments. Taking into account the thermal energy effects at 100 K, we also examined the power spectrum of the 2D structure using the CPMD simulation as shown in Fig. 7 . In the OH stretching region ͑above 2800 cm −1 ͒, symmetric and asymmetric nonbonded OH stretching frequencies appear near 3647 and 3725 cm −1 , respectively, in good agreement with the experiments. 1, 3, 4, 6 The bonded OH stretching frequencies occur at 3497 and 3558 cm −1 , consistent with experimental peaks near 3490 and 3530 cm −1 . In the region ranging from 3000 to 3400 cm −1 , redshifted peaks are observed at 3083, 3137, 3285, and 3347 cm −1 , and in the same region four peaks also appear in the experimental spectra. Below this region, the characteristic peak of the Zundel ion appears at 1073 cm −1 , and the H 2 O bending peak appears at 1638 cm −1 , in good agreement with the experimental peaks near 1055 and 1620 cm −1 , respectively. Furthermore, the bands of 1369 and 1789 cm −1 , which are described as the H 2 O bending in the Zundel ion, are also observed. Therefore, the power spectrum of the 2D structure obtained by the CPMD simulation is in good agreement with the experimental spectrum of H + ͑H 2 O͒ 7 . As compared with the harmonic frequencies at 0 K, the power spectrum of the 2D structure ͑which includes the anharmonic potential͒ at 100 K shows a redshift near 1073 cm −1 , which corresponds to the central proton oscillating mode, while other modes do not show significant shifts.
IV. CONCLUDING REMARKS
This study solves a controversial problem concerning the structure of H + ͑H 2 O͒ 7 . At the B3LYP, MP2, and CCSD͑T͒ levels, the 3D structure is more stable without ZPE correction. However, with ZPE correction, B3LYP favors the 2D structure, while at the MP2 and CCSD͑T͒ level, both structures are almost isoenergetic. In particular, the 3D structure is slightly more stable by 0.1 kcal/ mol at the CCSD͑T͒/ aVDZ level. Nevertheless, only the 2D structure gives the vibrational spectra corresponding to the experiment. For the CBS limit at the CCSD͑T͒ level with anharmonicity correction for the 2D structure, the 2D Zundel-type form ͑which shows quantum probabilistic distribution including a small portion of the Eigen form͒ is much more stable than the 3D Eigen form by 1.75 kcal/ mol. In the case of deuterated species D + ͑D 2 O͒ 7 , the 2D structure is 0.06 kcal/ mol higher in ZPE-corrected energy without anharmonic correction than the 3D structure, while the anharmonic correction makes the 2D structure more stable by 0.36 kcal/ mol. The temperature correction makes the 2D structure more stable. The vibrational spectrum of 2D structure is consistent with the experiments. For the proton oscillation mode of the Zundel ion, the anharmonic corrections are important. The calculated harmonic vibrational peak of 2D structure at the MP2/aVDZ level ͑1280 cm −1 ͒ is quite off the experimental result ͑1055 cm −1 ͒, whereas the anharmonicity-corrected frequency ͑1050 cm −1 ͒ is in good agreement with the experiments. In addition, we examined the power spectrum of 2D structure using the CPMD simulation at 100 K. This shows a good agreement with the experiment.
ACKNOWLEDGMENT
This work was supported by the Brain Korea 21 program of the Korean Ministry of Education, GRI ͑KOSEF͒ and Postech. 
